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Abstract 



Folate is an essential B vitamin required for the maintenance 
of AdoMet-dependent methylation. The liver is responsible for 
many methylation reactions that are used for post- 
translational modification of proteins, methylation of DNA, 
and the synthesis of hormones, creatine, carnitine, and phos- 
phatidylcholine. Conditions where methylation capacity is 
compromised, including folate deficiency, are associated with 
impaired phosphatidylcholine synthesis resulting in non- 



alcoholic fatty liver disease and steatohepatitis. In addition, 
folate intake and folate status have been associated with 
changes in the expression of genes involved in lipid metabo- 
lism, obesity, and metabolic syndrome. In this review, we pro- 
vide insight on the relationship between folate and lipid 
metabolism, and an outlook for the future of lipid-related 
folate research. © 2013 BioFactors, 40(3):277-283, 2014 



Keywords: folate; one-carbon metabolism; choline; phospholipids; 
triacylglycerol; NASH; steatosis 



1. Introduction 

Folate is an essential vitamin that is synthesized in plants from 
6-hydroxymethyldihydropterin, p-aminobenzoate, and gluta- 
mate. Almost aU the B vitamins play a role in one-carbon 
metabolism; cobalamin (B12), folate (B9), and riboflavin (B2) 
serve as cofactors in one-carbon metabolism, while pyridoxine 
(B6) is essential for transsulfuration pathway [1]. However, 
folate differs from the other B vitamins in that it serves as a 
catalytic substrate for the transfer of one-carbon units. The 
role of folate in one-carbon metabolism has been studied 
extensively; for comprehensive reviews of folate-mediated 
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one-carbon metabolism see Tibbetts and Appling [2] and Sto- 
ver and Field [3]. As shown in Fig. 1, the methionine cycle is 
responsible for the synthesis of S-adenosylmethionine (Ado- 
Met). AdoMet-dependant methylation reactions are required 
for post-translational modifications of proteins, methylation of 
DNA, as well as the synthesis of hormones and other small 
molecules including creatine, carnitine, and phosphatidylcho- 
line (PC). Impaired methylation capacity can be caused by 
either a decrease in AdoMet or an increase in S- 
adenosylmethionine (AdoHcy), a competitive inhibitor of many 
methyltransferase reactions [4]. An important function of 
folate is in the maintenance of cellular AdoMet and AdoHcy 
concentrations. Tetrahydrofolate (THF) plays a crucial role in 
a number of reactions that generate methyl groups from the 
catabolism of sarcosine, serine, dimethylglycine, and glycine. 
These methyl groups are used for the remethylation of homo- 
cysteine thereby supporting AdoMet synthesis, AdoHcy 
removal, and hence maintaining methylation capacity. 

Many methylation reactions occur in the liver and hepatic 
steatosis is commonly observed upon perturbation of one- 
carbon metabolism. Indeed, folate deficiency has been shown 
to result in the accumulation of triacylglycerol (TG) in the liver 
[5]. Alterations in both AdoMet availability and phospholipid 
metabolism have been implicated in the etiology of fatty liver. 
Furthermore, a fatty liver and changes in AdoMet and folate 
status are observed in obesity and metabolic syndrome. The 
purpose of this review is to highlight current research related 
to folate-mediated regulation of lipid metabolism and 
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lipid-related diseases, such as, non-alcoholic fatty liver disease 
(NAFLD), obesity, and atherosclerosis. 



2. One-Carbon and Lipid Metabolism 

As mechanistic research has primarily focussed on investigat- 
ing the link between altered folate status and hepatic lipid 
metabolism, we will restrict the majority of our discussion to 
this topic. Numerous reports have demonstrated a connection 
between folate, choline, and lipid metabolism [6-8]. Pogribny 
et al. showed that mouse strains with reduced expression of 
methionine adenosyltransferase, methionine synthase, and 
methylenetetrahydrofolate reductase (MTHFR) had signifi- 
cantly greater hepatic lipid accumulation when fed a choline:- 
folate-deflcient diet [9]. Christensen et al. observed that a 
folate-deflcient diet alone was sufficient to induce hepatic stea- 
tosis in mice [10]. A separate study showed that folate 
deficiency decreases flux through phosphatidylethanolamine 
Af-methyltransferase (PEMT), an enzyme that synthesizes PC 
via the methylation of phosphatidylethanolamine (PE) [11]. 
Together, these findings suggest that folate deficiency reduces 
de novo PC synthesis resulting in accumulation of hepatic TG. 

PC is the most abundant phospholipid in mammalian cellu- 
lar membranes, bile, and lipoproteins. All nucleated cells use 
dietary choline to synthesize PC via the CDP-choline pathway; 
flux through this pathway is regulated by CTP:phosphocholine 
cytidylyltransferase alpha (CTa). In liver, PC is also synthesized 
via PEMT which consumes a significant portion of AdoMet in 
the liver, estimated to be approximately 40% of all methylation 
reactions [12]. Alterations in PC synthesis affect hepatic lipid 
storage and secretion in rodent models [13-15]. In particular, 
pemt~'~ mice develop steatosis when fed a high-fat diet and 
liver failure when fed a choline -deficient diet [13]. These 



observations can be explained by a reduction in hepatic secre- 
tion of VLDL particles in the pemt~ / ~ mice [16]. Similarly, 
deletion of hepatic CTa impairs VLDL secretion and increases 
susceptibility to diet-induced steatosis [17,18]. These results 
and others highlight the role of PC synthesis in the mainte- 
nance of hepatic lipid metabolism. 

Recently, Zeisel and colleagues generated betaine :homo- 
cysteine methyltransferase (BHMT) knockout mice that are 
incapable of completely catabolizing choline. The bhmt~'~ 
mice have a 25-fold increase in hepatic betaine and develop 
severe choline deficiency [19]. BHMT-dependent remethylation 
is clearly important for regulating one-carbon metabolism, as 
bhmt~'~ mice have elevated plasma homocysteine that is not 
influenced by the level of dietary folate [20]. The bhmt~'~ mice 
also have impaired methylation potential, as illustrated by a 
significant reduction in the hepatic AdoMetiAdoHcy ratio 
[19,20]. The presence of reduced de novo choline synthesis via 
PEMT together with elevated choline dehydrogenase activity in 
the bhmt~'~ mice leads to dramatic decreases in choline- 
containing metabolites. Moreover, severe choline deficiency 
results in steatohepatitis and early formation of hepatocarci- 
noma in bhmt~'~ mice [19]. These knockout animals empha- 
size the importance of maintaining sufficient levels of choline 
and one-carbon metabolites for lipid homeostasis. 

Steatosis is also observed in glycine A^-methyltransferase 
(GNMT) deficiency [21]. GNMT is the most abundant and active 
methyltransferase enzyme, which serves as an "overflow" to 
regulate methylation in the cell [22,23]. Gnmt~'~ mice have a 
40-fold increase in hepatic AdoMet that is associated with ste- 
atosis and oxidative stress [24]. Pharmacological treatment of 
gnmt'^ mice with nicotinamide (a compound that is methyl- 
ated) normalized AdoMet levels and markedly reduced hepatic 
steatosis [24]. More recently, Martinez-Una et al. provided 
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evidence that super-physiological levels of AdoMet increase 
flux through PEMT, with the excess PC being converted to TG 
[25]. When gnmt' 1 ' mice were fed a methionine-deflcient diet, 
hepatic AdoMet, PC, and TG levels were normalized suggesting 
that the increased TG deposition is caused by increased con- 
version of PEMT-derived PC to TG. 

To date, we do not know whether PEMT-derived PC con- 
tributes to hepatic TG during physiological changes in AdoMet 
concentration. Stable isotopic tracer studies in humans may 
provide insight into the potential for TG synthesis from PEMT- 
derived PC. The average whole-body transmethylation rate has 
been estimated to be approximately 20 mmoles/day in a 70 kg 
male [26], and the maximum consumption of AdoMet by PEMT 
was calculated to be 40% or 8 mmoles/day. If all PEMT-derived 
PC molecules were converted to TG (assuming no PC was use 
for Apoprotein or bile secretion) it would amount to approxi- 
mately 2.67 mmoles or 2.27 g of TG per day (based on an aver- 
age molecular weight of 850 g/mole per TG molecule). Hepatic 
TG content can vary considerably, but in humans with healthy 
liver function measurements range between 6 and 17 g/kg liver 
[27]. Assuming a liver weighs approximately 3% of bodyweight, 
the total liver TG content would range between 12 and 36 g. In 
addition, isotopic tracers have been used to measure the turn- 
over of TG within liver of fasted humans giving a turnover of 15 
g/hr and turnover of VLDL TG of 0.8 g/hr [28]. Considering the 
data and calculations presented here, it is clear that further 
research is required to determine whether PEMT-derived PC 
can contribute significantly to hepatic TG accumulation. 

Thus far we have limited our discussion to finks between 
folate, choline, and PC metabolism in the liver. However, there 
is another metabolite involved in lipid metabolism that requires 
AdoMet-dependent methylation for its synthesis. Carnitine, syn- 
thesized from the precursor trimethyllysine, plays an important 
role in the transport of long chain fatty acids into mitochondria 
to undergo jS-oxidation. The capacity to synthesize carnitine is 
thought to be large, but the rate of carnitine synthesis is limited 
by the supply of trimethyllysine. Carnitine deficiency in adults is 
thought to be relatively rare, apart from an in-born error in a 
carnitine transporter [29], occurring only when carnitine con- 
centrations are below 10% of normal values [30]. However, a 
recent study showed patients with non-alcoholic steatohepatitis 
(NASH) supplemented with L-carnitine had improvements in 
clinical plasma markers and histological scoring of liver biop- 
sies [31]. It is unclear whether a fatty liver can be attributed to 
an impaired methylation capacity resulting in reduced carnitine 
synthesis; however, rats fed a choline-deficient diet had 50% 
less total-body carnitine [32] and a higher rate of carnitine 
turnover [33]. Future work examining the potential role of car- 
nitine in NAFLD is certainly on the horizon. 

3. Dietary Folate and Hepatic Lipid 
Metabolism 

It is clear that impaired methylation capacity promotes hepatic 
fat accumulation through an impairment of PC synthesis. 



Dietary folate deficiency diminishes choline and PC levels in 
the liver [34]. The drain of choline caused by folate deficiency 
is twofold: decreased synthesis of choline through the PEMT 
pathway, and increased use of choline (via BHMT) as a source 
of methyl groups. Folate deficiency also reduces PEMT activity 
and choline kinase expression in the fiver [5,35]. Impaired PC 
production through both the CDP-choline and PEMT pathways 
is associated with accumulation of hepatic TG due to a reduc- 
tion in VLDL secretion [15,36]. 

Folate deficiency induces the expression of genes involved 
in hepatic lipid synthesis that may contribute to hepatic steato- 
sis. Microarray analysis of folate-deficient mice revealed 
increased expression of lipid biosynthetic genes, including ace- 
tyl CoA synthetase long-chain family member 1, lipin 1, diacyl- 
glycerol O-acyltransferase 2, elongation of very long chain fatty 
acid-like 3, and ATP citrate lyase, suggesting increased lipid 
biosynthesis in folate deficiency [35]. It is possible that these 
changes in gene expression are linked to a reduction in hepatic 
PC biosynthesis, which activates sterol regulatory element bind- 
ing protein la to stimulate de novo fatty acid synthesis [37]. 
However, other studies suggest that fatty acid oxidation is 
enhanced by short-term folate deficiency. Expression of cptla, 
carnitine O-octanoyltransferase, and acetyl-coenzyme A dehy- 
drogenase was increased in folate-deficient mice [35]. Maternal 
folate deficiency during gestation increases cptla mRNA in fetal 
liver, another finding that supports an increase in fatty acid oxi- 
dation [38]. However, it should be noted that a major limitation 
of these studies is that hepatic lipid content was not measured 
and so it is impossible to make conclusions regarding the conse- 
quence of the observed changes in gene expression. 

Although low dietary folate is associated with hepatic stea- 
tosis, there is conflicting evidence regarding the efficacy of 
using supplemental folic acid for the prevention of fatty liver 
disease. In humans, dietary folic acid is effectively integrated 
into the pool of active folate metabolites at low levels of intake 
(~100 \ig folic acid or 170 ng dietary folate equivalents [DFE]/ 
day) [39]. As a result, the level of folic acid fortification of 
flours and cereal grain products in Canada and the United 
States was based on an estimated intake of 100 |.ig/day. How- 
ever, estimates of folic acid intake after fortification began in 
1998 suggest that actual intakes may double the predicted 
value [40]. Intake above 200 |ig/day is the threshold at which 
folic acid begins to appear in the blood stream in an un- 
metabolized form [41]. In addition to fortified foods, exces- 
sively high intakes of folic acid can be achieved through intake 
of vitamin supplements containing up to 5 mg of folic acid. 
High plasma levels of un-metabolized folic acid can lead to a 
build-up of dihydrofolate in the cell, which has been shown to 
inhibit MTHFR [42] and thereby inhibiting remethylation of 
homocysteine. Thus, it has been postulated that high plasma 
concentrations of folic acid may lead to a "functional" folate 
deficiency [43,44]. Folate supplementation in the form of 5- 
methylTHF has been shown to effectively raise plasma folate 
levels without leading to an elevation in un-metabolized folic 
acid [45,46]. 
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Excess macronutrient availability together with high 
intake of folic acid may contribute to development of obesity. 
Supplementation of 5 mg/kg folic acid to Sprague Dawley rats 
was initially found to reduce lipid content of the liver [47], sug- 
gesting folic acid has a lipotropic effect. However, Burdge 
et al. report increased weight gain and hepatic lipid accumula- 
tion in rats fed high-fat diet containing 5 mg/kg folic acid, com- 
pared with 1 mg/kg folic acid [48]. Under high fat feeding, 
excessive folic acid supplementation may promote hepatic lipid 
accumulation by impairing fatty acid oxidation in the liver 
through decreased expression of cptla [48]. These contradic- 
tory findings may be a consequence of differences in the fat 
content of the diet. 

Studies dealing with dietary folic acid have are varied in 
life stage, animal model, duration, amount of folic acid supple- 
mented, and dietary composition. Alterations in methylation 
status of key genes involved in lipid metabolism may be more 
likely during certain periods of development rather than later 
in life. The duration of exposure to folate is also important. In 
adult models, 4 weeks of folate deficiency may not be long 
enough to reduce folate status to a level at which lipid metab- 
olism is affected, but 4-5 months folate deficiency yielded a 
marked hepatic lipid accumulation in rats [5,49]. Another sig- 
nificant factor when interpreting the effect of folate on lipid 
metabolism is the overall composition of the diet. The conse- 
quences of folate deficiency are more evident when methio- 
nine and choline are limiting in the diet [49]. For instance, the 
ability of folate deficiency to suppress PE methylation may be 
compensated by an ample supply of choline or betaine. In 
addition, the effects of folic acid supplementation may only 
become apparent in the presence of a high-fat diet. Finally the 
strain of rodent may impact severity of the phenotype. Both 
Pogribny and Tryndyak et al. have shown that the strain of 
animal also influences the severity of the development of 
NAFLD [9,39]. Thus, it is imperative that experimental design 
and choice of animal model be taken into consideration when 
investigating and interpreting the effects of folate on lipid 
metabolism. 

4. Folate, Obesity, and Atherosclerosis 

There is increasing evidence supporting a connection between 
folate and lipid metabolism. Recently, a potential link between 
folate status and obesity has garnered attention. For example, 
serum folate levels have been shown to be significantly lower 
in individuals with higher body fat mass [50,51], independent 
of dietary intake [52]. Gallistl et al. reported that serum folate 
is inversely correlated with body mass index (BMI) in Austrian 
adolescents [51]. Similarly, obese Thai subjects were found to 
have lower circulating folate than normal weight individuals 
[53]. In postmenopausal women, adiposity was associated with 
lower folate levels [52]. These studies show a relationship 
between folate status and obesity. However, it is unclear 
whether reduced folate status is exacerbating weight gain or, 
conversely, whether obesity is influencing folate metabolism. 
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A large body of research on folate status in pregnancy and 
development began due to the integral role of folate in neural 
tube closure and this field has been spurred on by more recent 
developments in the concepts of epigenetic regulation and met- 
abolic imprinting. In fact, the importance of obtaining 
adequate folate in the diet has led to mandatory fortification of 
a number of staple foods with folic acid in Canada, United 
States, Australia, and many countries in South America, 
Africa, and the Middle East. Apart from the well-established 
role of folate in neural tube closure, low folate status during 
pregnancy has also been related to lower birth weight [54]. 
However, evidence linking folate status to obesity through 
changes in "metabolic imprinting" is mixed. In rats, folic acid 
supplementation during pregnancy increases total body fat of 
the offspring [55]. In humans, higher plasma folate concentra- 
tion at 28 weeks gestation was associated with greater fat 
mass in children assessed at 6 years of age [56]. High folate 
intake in the presence of vitamin B 12 deficiency exacerbated 
this weight gain, and was associated with increased risk to 
developing insulin resistance [56]. These results suggest that 
altered folate status may affect energy metabolism during 
development. However, in another human study, no associa- 
tion between childhood adiposity and estimated maternal 
folate intake at either 18 or 32 weeks of gestation was found 
in a follow-up of children 9 years of age [57]. 

Results from human epidemiological studies strongly cor- 
relate folate deficiency to increased cardiovascular disease 
(CVD) risk and incident [58-61]. In addition folate deficiency 
was shown to induce atherosclerosis development in apoe~'~ 
mice [62-65], while folate supplementation in the same model 
decreased atherosclerotic lesions [66]. When fed high-fat- 
folate-deficient diet apoe~'~ mice have increased plasma 
homocysteine and enhanced plaque lesion formation [65], and 
accumulation of pro-atherogenic lipoproteins in the aorta [64]. 
Similarly, apoe~'~ mice fed methionine-rich, folate-deficient 
diet presented with an increased atherosclerotic lesion area 
[63]. However, supplementation with folate and other B vita- 
mins failed to reduce the CVD risk in several large scale 
randomized controlled intervention trials in humans, despite 
successfully lowering plasma homocysteine levels [67-71]. It is 
worthwhile noting that these trials have been secondary pre- 
vention trials in patients that had a prior CVD history. How- 
ever, these results from these studies clearly indicate that 
folate supplementation does not constitute an added benefit 
against CVD progression in the folate -sufficient population 
during folate fortification era [72]. Future studies on targeted 
populations including primary prevention trials with B- 
vitamins will be helpful in furthering our understanding of 
these phenomena. 

5. Folate and Epigenetics 

The effect of folate status on epigenetic mechanisms has 
mainly been investigated during key developmental stages, 
such as pregnancy and lactation. However, folate and AdoMet 
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status have been shown to influence the expression of genes 
involved in fatty acid synthesis in adult mice. Hypermethyl- 
ation of the promoter region of fads2, a gene that encodes 
delta-6 fatty acid desaturase (D6D), was associated with 
reduced fads2 mRNA expression and lower D6D activity in 
cystathionine ji synthase (CBS) heterozygous mice [73]. These 
changes led to a reduction in the longer chain unsaturated 
fatty acids arachidonic acid and docosahexanoic acid, the end 
products of the D6D metabolism [73]. Exploring links between 
folate and epigenetic changes that impact essential fatty acid 
metabolism is a nascent field of study. 

Peroxisome proliferator-activated receptor y (PPARy) is a 
nuclear transcription factor that interacts with peroxisome 
proliferator response elements upon ligand binding, to regu- 
late target gene expression. PPARy is a key regulator of adipo- 
genesis and has been shown to promote lipid storage and con- 
tribute to hepatic steatosis [74]. Folic acid supplementation 
during in utero and postnatal periods, or after weaning 
decreases the methylation of the pparg promoter in rat liver 
[75]. Promoter methylation is inversely related to gene expres- 
sion, which suggests increased pparg expression in response 
to folic acid supplementation. In adipose, pparg is nearly 
tripled upon folic acid supplementation [47]. Therefore, 
increased body weight in folic acid supplemented animals may 
be due to enhanced lipid storage via PPARy-dependent 
mechanisms. 

New research suggests that folate status may be influenc- 
ing microRNA expression linked to the severity of fatty liver 
disease. MicroRNAs (miRNAs) are small, non-coding tran- 
scripts, of approximately 22 nucleotides in length. They belong 
to a regulatory class of RNAs that repress expression of target 
mRNA. Folate supply influences the expression of miRNAs pos- 
sibly through changes in methylation levels of promoter 
regions in the genome [76]. The severity of NAFLD induced by 
a choline- and folate-deficient diet in mice is associated with 
altered expression of hepatic miRNAs, including miR-181a, 
miR-34a, miR-200b, and miR-221 [39]. Future research should 
be directed towards characterizing the mechanisms by which 
folate supply alters miRNA expression and which miRNAs are 
important in modulating lipid metabolism. 



6. Summary and Future Directions 

We are beginning to understand the importance of folate sup- 
ply in regulating hepatic lipid metabolism (summarized in Fig. 
2). The availability of new knockout models that have allowed 
for a much deeper understanding of how lipid metabolism in 
the liver might be affected by altered folate metabolism. It is 
clear that adequate dietary folate is required to support 
PEMT-dependent de novo PC synthesis in the liver and that 
disruptions in the metabolism of PC negatively impact hepatic 
lipid homeostasis via impaired lipoprotein secretion. In addi- 
tion the maintenance of AdoMet concentration is crucial for 
liver function and the synthesis of other methylated com- 





i 



Potential mechanisms linking folate deficiency to 
fatty liver disease. A reduction in methylation 
capacity (a reduction in AdoMet/AdoHcy) inhibits the 
synthesis of carnitine and PC, and alters miRNA and 
DNA methylation patterns. Together these changes 
can promote the development of NAFLD through 
modulation of pathways involved in TG metabolism. 



pounds like carnitine, which influence hepatic lipid 
homeostasis. 

In conclusion, the institution of mandatory folic acid fortifi- 
cation has brought forth the need to understand the impact of 
high dietary folate intake. We have discussed literature that 
associates folate intake to obesity as well as the evidence fink- 
ing folate intake to epigenetic changes that impact the expres- 
sion of genes involved in lipid metabolism. However, the mech- 
anisms that are responsible for these observations are 
unclear. Indeed, we do not know whether observed folate sta- 
tus in obesity is a cause or an effect, and we know very little 
about how epigenetic changes are modulated. Given the role 
of folate in one-carbon metabolism, the effects of dietary folate 
on epigenetics, and the current mandatory fortification of this 
vitamin moves to the importance of furthering our understand- 
ing in this field. 
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